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Hadronic resonances can play a pivotal role in providing experimental evidence for partial chiral
symmetry restoration in the deconﬁned quark–gluon phase produced at RHIC and the LHC. Their
lifetimes, which are comparable to the lifetime of the partonic plasma phase, make them an invaluable
tool to study medium modiﬁcations to the resonant state due to the chiral transition. In this Letter we
show that the heavier, but still abundant, light and strange quark resonances K ∗, φ, Δ and Λ∗ have
large probability to be produced well within the plasma phase due to their short formation times.
We demonstrate that, under particular kinematic conditions, these resonances can be formed and will
decay inside the partonic state, but still carry suﬃcient momentum to not interact strongly with the
hadronic medium after the QCD phase transition. Thus, K ∗, φ, Δ and Λ∗ should exhibit the characteristic
property modiﬁcations which can be attributed to chiral symmetry restoration, such as mass shifts, width
broadening or branching ratio modiﬁcations.
© 2008 Elsevier B.V. Open access under CC BY license.1. Introduction
Measurements of experimental observables in hadron–nucleus
collisions at relativistic energies strongly suggest that ﬁnal-state
hadrons are not produced at the moment of collisions τcoll. ∼
RA/γ , γ = EN/mN . Instead, they require a ﬁnite formation time,
which can be viewed as the time needed to build up the hadronic
wave function, i.e. the time to establish wavefunction overlap be-
tween the constituent partons. Based on the uncertainty princi-
ple and time dilation, the production of relativistic particles is
supposed to follow a simple particle energy dependence, i.e. low
energy particles are produced ﬁrst, high energy particles—last. In
elementary particle physics this is known as the ‘inside–outside
cascade’. Its main features have been veriﬁed in many deep in-
elastic scattering experiments [1]. The measured dependence of
hadron production modiﬁcation on the mass of the nuclear target
shows how important the interplay of this simple hadronization
time dependence and the space–time evolution of the parton–
nucleus interaction can be. Several model calculations have argued
that ‘pre-hadron’ formation is a possible mechanism that can ac-
count for the scaling of hadron multiplicity ratios in cold nuclear
matter [2,3].
In relativistic heavy ion collisions (A + A) the hadron forma-
tion time is of even greater importance because, here, a portion of
the hadrons are likely formed during the partonic lifetime of the
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Open access under CC BY license.quark–gluon plasma (QGP), and therefore will generate a mixed
phase with the QGP. The interactions of these hadrons with the
plasma phase could potentially be used to elucidate both funda-
mental physics concepts and speciﬁc physics mechanisms, such as
the existence of chiral symmetry restoration in high energy nuclear
collisions or the nature of heavy ﬂavor energy loss in the plasma.
Adil and Vitev [4] have recently shown that early hadronization of
heavy quarks triggers a new type of interaction between the charm
and beauty mesons and the hot partonic medium. Collisional dis-
sociation of heavy mesons in the QGP emulates large energy loss
and leads to signiﬁcant suppression of their experimentally ob-
served cross sections, as measured through semi-leptonic decay
channels by STAR and PHENIX [5,6].
In this Letter we build upon the recent developments toward
incorporating the space–time picture of hadronization in heavy
ion phenomenology and evaluate the formation time of light- and
strange-quark heavy-mass hadronic resonances, such as the K ∗ , φ,
Δ and Λ∗ , in order to determine the probability of interaction be-
tween early-formed resonances and the partonic medium. In the
second part of the Letter we propose, based on the encouraging
model results, a speciﬁc triggered jet correlation measurement for
RHIC and the LHC, which could resolve the question of resonance
modiﬁcation [7–9], including baryon states [10], through partial
chiral symmetry restoration.
2. Treatment of formation time in high energy collisions
The simplest formulation of the energy and mass dependence
of the inside–outside cascade [11] can be written as:
C. Markert et al. / Physics Letters B 669 (2008) 92–97 93τform = τ0 Em , (1)
where τform is the formation time, τ0 is the proper formation time
in the hadron’s rest frame, E is the energy of the hadron and m
is its mass. Eq. (1) has the transparent interpretation of a Lorentz-
dilated interval τ0 ∼ Rh ∼ 1 fm/c. In such a model high energy
particles are produced later, and heavy mass particles are produced
earlier.
The space–time picture of hadronization was re-examined for
string fragmentation models, such as the Lund model [12], to point
out that different hadron constituents are produced at different
times [13,14]. One can then distinguish between a constituent
length, which is the time (c = 1) after which the valence quarks
of the hadron are formed through color string breaking, and the
formation length, which is the time when the quarks coalesce to
form a hadron. Between constituent length and formation length
the structure can be envisioned as a pre-hadron. The constituent
length itself vanishes when the hadron is near the kinematic
limit z → 1 and this inverted formation hierarchy is known as
an outside–inside cascade. If ﬁnal-state hadron (or pre-hadron) ab-
sorption in cold nuclear matter is the origin of the observed cross
section attenuation in the HERMES semi-inclusive DIS measure-
ments [15], constituent length would appear to more accurately
capture the dynamics of meson and baryon production in high en-
ergy collisions.
In this Letter we are primarily interested in the production of
leading strange-quark resonances and their triggered correlations.
For such special kinematics and strong bias towards large momen-
tum fractions z = p+hadron/p+ models of cascade hadronization can
only serve as a guidance. In view of this, let us revisit the for-
mation time evaluation [4], which is most easily understood in the
context of independent fragmentation [16,17]. In momentum space,
in lightcone coordinates, the fragmentation of a parton of mass mq
into a hadron of mass mh and a light secondary parton can be rep-
resented as:
[
p+,
m2q
2p+
,0
]
→
[
zp+,
k2 +m2h
2zp+
,k
]
+
[
(1− z)p+, k
2
2(1− z)p+ ,−k
]
. (2)
Here p+ is the large lightcone momentum of the parent par-
ton and |k| ∼ ΛQCD ∼ 200 MeV/c is the deviation from collinear-
ity. We can evaluate the lightcone y+ = τform + lform that is
conjugate to the non-conserved lightcone momentum component
p− = (p−)ﬁnal − (p−)initial of the evolving system:
y+  1
p−
= zp
+
mh
× 2
[
mh + k
2
(1− z)mh −
zm2q
mh
]−1
. (3)
The formation time then reads:
τform = y
+
1+ βq , βq =
pq
Eq
. (4)
We note that Eq. (4) exhibits features of both inside–outside and
outside–inside cascades. It can be interpreted, similarly to Eq. (1),
as a boost to a proper formation time, which now depends on the
details of the parent parton decay. Our results, however, also shows
that τform → 0 when z → 1. This effect is most pronounced for
light pions, where mπ < ΛQCD, and there is absolute scale sen-
sitivity to the choice of the non-perturbative physics parameter
|k| ∼ ΛQCD. For heavy resonances such sensitivity and the kine-
matic region of outside–inside cascade are strongly reduced.3. QGP evolution
At present there is no reliable dynamical mechanism that can
quantitatively describe the formation of a deconﬁned state, the
quark–gluon plasma, in ultra-relativistic heavy ion collisions. Nu-
clear stopping, which at the partonic level is described by in-
elastic quark and gluon interactions in cold nuclear matter [18],
plays a major role in the liberation of partonic degrees of freedom.
However, for center of mass energies
√
sNN >
√
sSPS ≈ 17 GeV the
collision time τcoll.  2RA/γ is generally considered insuﬃcient
for isotropisation and/or equilibration of the QGP, should such
state of matter be formed. For example, in central Pb + Pb colli-
sions at the LHC τcoll. = 5 × 10−3 fm/c (→ 0) and can be used to
mark the beginning of ﬁnal-state evolution with very little uncer-
tainty. We can gain insight in the timescale of medium formation
using the approximate parton–hadron duality [19] and the un-
certainty principle. In high energy hadronic collisions light pions
dominate multiplicities and τ0 ≈ 1/〈pT 〉π . In our evaluation we
take 〈pT 〉 = 450 MeV/c for central Au + Au collisions at RHIC [20]
and note that there is approximately 25% variation of the mean
transverse momentum in going from central to peripheral colli-
sions. Extrapolations to LHC energies have been made using Monte
Carlo event generator results, ﬁt to the CDF Collaboration data
from
√
s = 1.8 GeV p+ p¯ collisions [21]. Accounting for the above-
mentioned variation in going from N + N to A + A collisions we
ﬁnd 〈pT 〉 = 850 MeV/c for central Pb + Pb collisions at the LHC.
Consequently, τ RHIC0 = 0.44 fm/c and τ LHC0 = 0.23 fm/c.
Gluon degrees of freedom (8 colors, 2 polarizations) dominate
soft parton multiplicities at RHIC and the LHC and their density
can be related to charged hadron rapidity density in a Bjorken ex-
pansion scenario as follows [19]:
ρ(τ ) = 1
τ A⊥
dNg
dy
≈ 1
τ A⊥
3
2
∣∣∣∣dηdy
∣∣∣∣dN
ch
dη
. (5)
Assuming local thermal equilibrium one ﬁnds:
T (τ ) = 3
√
π2ρ(τ )/16ζ(3). (6)
In Eqs. (5) and (6) the average over the distribution of densities,
and correspondingly temperatures, in the plane transverse to the
collision axis is implicit. For b = 3 fm, dNg/dy = 1100 at RHIC and
dNg/dy = 2800 at the LHC in Au + Au and Pb + Pb collisions, re-
spectively, we ﬁnd T (τ0)RHIC = 435 MeV and T (τ0)LHC = 713 MeV.
The lifetime of the QGP itself depends on the details of the ex-
pansion. Different hydrodynamic scenarios, including initial condi-
tions and type of expansion, appear to be approximately consistent
with the low pT data. In general, the faster the transverse expan-
sion vT = 0, the shorter the lifetime of the plasma will be. Thus,
we can reliably give only the upper time limit of the transition
from the QGP phase to a hot hadron gas, corresponding to the case
of longitudinal Bjorken expansion:
τQGP = τ0(T0/Tc)3. (7)
For a critical temperature Tc ≈ 180 MeV, we ﬁnd at RHIC τQGP =
6.2 fm/c and at the LHC τQGP = 14 fm/c. We emphasize again that
these are mean values over the reaction geometry and the hottest
densest central region of the collision will have larger QGP life-
times. On the other hand, transverse expansion will reduce the
QGP lifetime, bringing the RHIC estimate in accord with the mea-
surement of hadronic resonance suppression in conjunction with
HBT measurements [22].
The qualitative dependence of leading hadron formation times
on the mass of the particle and the momentum and mass of the
parent parton are given in Fig. 1. When compared to the lifetime of
the QGP at RHIC and the LHC we observe that for a wide range of
94 C. Markert et al. / Physics Letters B 669 (2008) 92–97Fig. 1. Hadronic formation time as a function of hadron mass for several quark pT
and a ﬁxed fractional momentum z. The shaded areas show the upper and lower
limits for the lifetime of the partonic phase at RHIC and LHC, respectively.
momenta, hadron formation times are well within the anticipated
lifetime of the plasma.
This is of particular interest for hadronic resonances, i.e. states
that might be formed and decay within the lifetime of the par-
tonic medium. Here, the hadron formed in the QGP will experience
in-medium interactions with the partonic system and decay off-
shell if chiral symmetry restoration reduces its mass. Consequently,
intermediate momentum resonances which are formed early and
decay into particles that escape the partonic medium with lit-
tle hadronic reinteraction could be used to test chiral symmetry
restoration. According to UrQMD calculations [23], hadronic rein-
teraction (rescattering and regeneration) processes only affect the
low momentum region (pT = 0–2 GeV/c) of the resonance spec-
tra. Therefore, for higher momentum resonances, experimentally
observable effects, such as reduced production rates, modiﬁcation
of the branching ratios, mass shifts and broadening of the widths
in the QGP phase are expected to be detectable. We take this as
an indication that a more detailed study of their production and
decay is justiﬁed to help guide experimental searches at RHIC and
the LHC.
4. Formation time of heavy mass resonances in the partonic
medium
The study of particle formation in high energy heavy ion col-
lisions requires information about the distribution of the observed
hadron momentum fraction relative to the parent quark or gluon,
P (z). At ﬁxed momenta {pT } = pT1 · · · pT j · · · pTn and rapidities{y} = y1 · · · y j · · · yn , for a perturbative n-particle production event,
including the simplest case of inclusive hadrons, this probability is
given by:
P (z j) = 1dσ h({pT },{y})
d{y}d{pT }
dσ h({pT }, {y})
d{y}d{pT }dz j . (8)
The principal theoretical diﬃculty in obtaining P (z) for resonances
is their unknown fragmentation functions, D(z, Q 2). Limited ex-
perimental data on resonance production has hindered their inclu-
sion in a global QCD analysis [16,17]. The approach that we here
undertake is to use as a guideline the known pion, kaon, proton,
neutron and lambda decay probabilities in approximating fragmen-
tation into resonant states, Dh∗ (z, Q 2) ∝ Dh(z, Q 2). One notes that
the overall normalization of Dh∗ (z, Q 2) cancels in Eq. (8) and it
would require decay probabilities of drastically different shape to
signiﬁcantly alter P (z) and, consequently, the hadron formation
times for mh > ΛQCD.
To lowest order, the perturbative QCD cross sections of hard,
pT > few GeV/c, inclusive and jet- or hadron-triggered (ϕ = ϕ2−
ϕ1 ≈ π ) particle production are calculated as follows [24,25]:Fig. 2. Transverse momentum dependence of leading hadron formation times at
RHIC energies,
√
s = 200 GeV. Results for both ‘stable’ particles and resonances are
presented. The shaded area represents the estimated partonic lifetime at RHIC. In-
sert shows the meson and baryon distributions P (z) at a ﬁxed momentum pT =
8 GeV/c.
dσ h1NN
dy1 dpT1
= KNLO
∑
abcd
2π pT1
∫
x1,21
dy2
∫
x1,21
dz1
× 1
z21
Dh1/c(z1)
φa/N (xa)φb/N(xb)
xaxb
α2s
S2
|M¯ab→cd|2, (9)
dσ h1h2NN
dy1 dy2 dpT1 dpT2
= KNLO
∑
abcd
2π
∫
x11,x21,z21
dz1
× 1
z1
Dh1/c(z1)Dh2/d(z2)
φa/N (xa)φb/N(xb)
xaxb
× α
2
s
S2
|M¯ab→cd|2. (10)
In Eqs. (9) and (10) vacuum and medium-induced acoplanarity can
also be incorporated [26], but these have a very small effect on the
hadron formation in the kinematic region of interest. It is impor-
tant to note that for triggered back-to-back correlations to lowest
order pT1/z1 = pT2/z2 [27]. For our choice of fragmentation func-
tions, Ref. [16], the small z < 0.05 region has to be extrapolated.
Results for the mean formation time of hadronic resonances as
a function of their pT ,
〈τform〉 =
1∫
0
dz P (z)τform(z; pT ,mh,mq,kT = ΛQCD), (11)
compared to the estimated lifetime of the plasma at RHIC, are
given in Fig. 2. We note that at ﬁxed transverse momentum 〈τform〉
is controlled primarily by the particle mass. At higher pT there is
a systematic bias toward larger mean values of z but these only
affect the formation time of the lightest particles, such as π and
K . We also studied the validity of our assumption that we can
get guidance for the formation times of resonant particles from
the known P (z) momentum fraction distributions for π , K , p,
and Λ, shown in the insert of Fig. 2 for pT = 8 GeV/c at RHIC.
τform for the φ meson was evaluated with all available momentum
fraction distributions and the uncertainty, presented in Fig. 2 is
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LHC energies,
√
s = 5.5 TeV. The shaded area represents the estimated partonic
lifetime at LHC. Insert shows the meson and baryon distributions P (z) at a ﬁxed
momentum pT = 32 GeV/c.
not signiﬁcant. In the perturbative regime, pT > few GeV/c light
hadron production takes place largely at times that exceed the
QGP lifetime and the observed nuclear modiﬁcation is dominated
by inelastic interactions of the parent parton [19]. Heavy particles,
however, tend to be produced inside the plasma and would un-
dergo broadening or dissociation [4]. Depending on their pT range,
K ∗ , φ, Δ and Λ∗ are ideally suited to prove the early stages of
the collision when the medium is hot and dense. We ﬁnally note
that in the region 〈τform〉 ∼ τcoll.  τ0 our formation time estimate
becomes less reliable since the separation of scales between hard
and soft physics, upon which this study is based, is violated. Fur-
thermore, only high momentum resonances (pT > 2 GeV/c) from
the perturbative regime are considered, because low momentum
bulk resonances from a thermal QGP phase will be formed later
and are more likely, according to UrQMD simulations, to undergo
large rescattering in the hadronic medium.
Calculations of the formation times of the resonant states of in-
terest at the LHC are shown in Fig. 3. It is remarkable that over
a very large pT range (for Λ∗ almost to pT ∼ 100 GeV/c) these
hadrons can provide information for the in-medium modiﬁcation
of particles in the background of hot dense matter. Our conclusion
is also facilitated by the longer lifetime of the plasma created at
the LHC. However, one has to take into account that the plasma
density and thus the resonance-parton interaction probability will
drop according to Bjorken expansion. Thus high momentum res-
onances formed late in a rather dilute plasma will not exhibit
much of a medium modiﬁcation. Furthermore the additional de-
cay time of the resonances has to be taken into account, therefore
a smaller momentum range will enrich the decays inside the dense
medium.
5. Resonance interaction and decay in the partonic medium
Medium modiﬁcation of the resonance properties requires in-
teraction with the partonic medium. There are no detailed models
of parton–hadron interactions, but one can use an estimate of the
collisional wavefunction broadening for the propagating resonance,
characterized by k2T , kT = k⊥1 − k⊥2, as has been done previ-
ously for propagating heavy mesons [4]. The amount of broadening
depends on the path length in the medium, the resonance forma-tion time, the resonance lifetime, and the time-dependent medium
density. For a meson it reads:
k2T = 4
〈
μ2
L
λ
〉
ξ ∝
τdecay∫
τform
α2s ρ(z)dz. (12)
In Eq. (12) μ sets the scale of typical momentum transfers from
the medium to a valence quark and ξ simulates the effect of
the power law tails in Moliere multiple scattering. One notes that
τdecay = (τdecay)∗γ depends both on the in-medium modiﬁcation
of the resonance lifetime and its momentum.
Given the small in-vacuum decay widths of heavy resonances,
Γ (K ∗) = 50.8 MeV, Γ (φ) = 4.65 MeV, Γ (Δ) ≈ 120 MeV and
Γ (Λ∗) = 15.6 MeV, in order to observe any effect of partial chiral
symmetry restoration a self-consistent reduction in their lifetime,
related to the width broadening, is critical. Otherwise, even if the
partonic medium is radially co-moving with velocity as large as
〈β〉T  0.7c [28], it is likely that high momentum resonances with
moderate in-vacuum lifetime (e.g. K ∗ , Λ∗) will have their decay
point boosted outside of the QGP. This sets the constraint that the
medium-modiﬁed lifetime of the resonance cannot exceed a few
fm/c. Several models have been applied in the past [7,8] to cal-
culate the broadening of the in-medium spectral functions and,
although these calculations are based on interactions in a dense
hadronic medium, parton–hadron duality arguments can hopefully
allow to generalize the results to a quark–gluon plasma. It has been
argued [7], on the example of the φ meson, that at T = 250 MeV
the shortening of its in-vacuum lifetime can be as large as a factor
of 10.
Furthermore, care should be taken in ensuring that the reso-
nance propagates through an extended volume of hot and dense
matter. Triggering on a strongly interacting particle biases the par-
tonic hard scattering toward the surface of the ﬁreball and guar-
antees that the away-side resonance must traverse a medium of
larger spatial extent. The higher the trigger pT , the more effective
this technique is expected to be. Ideally, one needs two handles to
control τform and the trigger bias. Naively, one may expect that en-
ergetic hadron triggers that lead to sizable partonic p+ will entail
resonance formation outside of the QGP, see Eq. (3). However, the
selection of an associated pT correlates the near-side and away-
side momentum fractions, pT2/pT1 ≈ z2/z1. This relation is exact
to lowest order and is illustrated for back-to-back particles of sig-
niﬁcantly different momenta, on the example of their probability
distributions P (z1) and P (z2), in the top panel of Fig. 4. The bot-
tom panel of Fig. 4 shows that for massive hadrons, mh  ΛQCD,
the resonance momentum determines its formation time indepen-
dent of the trigger pT .
The 10-fold broadening of the φ meson decay width in medium
at T = 250 MeV, which was modeled in [7], implies Γth ≈
50 MeV. Using this thermal contribution to the decay width as a
rough guidance, one can obtain estimates for the reduced lifetime
of hadronic resonances. Subsequent accounting for the Lorentz
time dilation and the time dependence of the QGP temperature at
RHIC and LHC suggests that experimental studies should focus on
hadronic resonances below 5 GeV/c (RHIC) or 10 GeV/c (LHC), re-
spectively, assuming that the lifetime of the partonic medium has
to at least equal the total resonance propagation time, including
formation and decay. Due to the convolution of many dynamical
effects, a more quantitative estimate on how many of the produced
resonances will decay in the medium is near impossible at present.
For example, there is a time distribution of formation and decay,
∝ [1 − exp(−t/τform,decay)], suggestive that there will always be a
small fraction of resonances, affected by the medium. But as has
been the case in all previous studies, short lifetime resonances are
more likely to exhibit a larger effect. Therefore studies of the K ∗
96 C. Markert et al. / Physics Letters B 669 (2008) 92–97Fig. 4. Top panel: P (z) distributions for the trigger h+ + h− of pT1 = 20 GeV/c and
the associate away-side Δ(1232) of pT2 = 4 GeV/c in
√
s = 5.5 TeV collisions at the
LHC. Bottom panel: Formation time of Δ(1232) of momentum pT2 , triggered by
charged hadron of momentum pT1 , at the LHC. Results show negligible dependence
on the momentum of the leading trigger hadron for massive correlated away-side
resonances.
(cτ = 3.88 fm) and Δ (cτ = 1.64 fm) will yield stronger signatures
than of the Λ∗ (cτ = 12.6 fm) and the φ (cτ = 46.5 fm).
Finally, we address the question of dissociation of lightly bound
resonances in the partonic medium, see e.g. Eq. (12). Theoretically,
this may lead to very strong resonance suppression, but exper-
imental evidence at RHIC [29,30] has shown that although the
resonant over non-resonant particle ratios decrease in going from
proton–proton to central Au+ Au collisions, the survival rate of di-
rect resonance production is large. It is diﬃcult to quantify the rate
because regeneration of resonances in the hadronic phase has also
been experimentally veriﬁed [29]. A semi-quantitative analysis of
direct φ-production vs. φ-production from K+ + K− coalescence
has shown that for longer lived resonances the hadronic contribu-
tion is small [31], but the relative strength of the hadronically gen-
erated resonance contribution changes with lifetime and hadronic
interaction probabilities [32]. Recent measurements by PHENIX in
the di-lepton sector [33] might be a ﬁrst indicator that resonances
are indeed medium modiﬁed in the hot partonic phase at RHIC.
These results need to be evaluated in accordance with other RHIC
measurements by STAR, though, which have shown that cold nu-Fig. 5. Sketch of jet fragmentation into resonances (Λ* is taken as an example for
all hadronic resonances) in the medium created in a heavy-ion collision. Same-side
correlations of resonances are not affected by the medium, whereas the away-side
high pT resonance might be affected by the early-time (chirally restored) medium.
Thermal resonances, which are affected by the late-time hadronic medium are at
π/2 with respect to the trigger particle.
clear matter effects already modify the in-vacuum resonance prop-
erties, albeit on a small scale [30,34].
6. An experimental method to search for chiral symmetry
restoration
In order to experimentally verify the impact of the partonic
medium on resonance properties we need to reconstruct interme-
diate momentum resonances which are produced early. This might
be possible through the selection of resonances in the away-side
jet of a triggered di-jet or γ -jet event. The trigger can be based
on a reconstructed high momentum (leading) particle or the full
near-side jet energy reconstructed in a calorimeter. Both methods
lead to the identiﬁcation of a near-side jet which is less affected by
the medium due to the surface bias in the trigger. The (φ = π )
correlations with the away-side associated particles will determine
the medium modiﬁed jet. Full jet reconstruction on the near side is
preferred, because it determines not only the exact z-distribution
of the away-side jet fragments but also the jet axis. However,
back-to-back jet simulations based on the reconstruction of lead-
ing trigger particles already show that the overall z-distribution of
the leading particle on the near-side constrains the z-distribution
of the associated particles on the away-side, as shown if Fig. 4.
In order to study the chiral transition we propose a φ quad-
rant analysis (see Fig. 5).
The medium modiﬁcation of resonance properties should be
strongest in the away-side (φ = π ) quadrant using reconstructed
resonances with momentum of pT > 2 GeV/c which are correlated
to the same-side jet axis or leading particle. They are likely to be
produced early and thus will interact with the partonic medium,
but their decay products will also escape the medium suﬃciently
fast to not exhibit much interaction in the late hadronic phase.
The low momentum resonances produced at an angle of φ =
1/2π or 3/2π with respect to the jet axis or leading particle are
identiﬁed as thermal resonances produced late from the bulk mat-
ter of the collision. They do not populate the spectrum in proton–
proton collisions, as shown in Fig. 6, but they will be a dominant
source in A + A collisions. In the proposed analysis they will be
used as a reference, because they predominantly interact in the
late hadronic medium. Therefore, their masses and widths are ex-
pected to not be altered much relative to the vacuum, unless phase
space effects from late regeneration change the shape of the invari-
ant mass signal.
C. Markert et al. / Physics Letters B 669 (2008) 92–97 97Fig. 6. PYTHIA simulation of a hadron-Δ correlation in proton–proton collisions for
typical hadron trigger and associated particle kinematics.
The high pT same-side jet resonances are also expected to ex-
hibit the vacuum width and mass because the initial quark is ex-
pected to fragment outside of the medium (surface bias effect).
Therefore a differential measurement of high momentum reso-
nances as a function of the angle to the jet axis might have a
built-in reference system and may not require comparison to mea-
surements in p + p collisions, which are very statistics limited for
the rare hadronic resonance channels.
Fig. 6 shows a simulation of the φ distribution for correla-
tions between a trigger hadron and associated Δ resonances based
on PYTHIA. The four quadrants proposed in Fig. 5 are highlighted
in the plot. Reconstructing the invariant mass in these speciﬁc φ
ranges will yield information on mass shifts, width broadening and
branching ratios. Quantitative studies of these properties as a func-
tion of resonance momentum, emission angle, jet energy, and jet
tag, will directly address the question of chiral symmetry restora-
tion in collisions of heavy nuclei. Early studies of this method have
been reported recently based on a statistics limited data set at
RHIC [35].
7. Summary and conclusions
The enhanced jet cross sections at the LHC will enable the
heavy ion experimentalists to carry out an in-depth triggerable
intermediate- and high-momentum resonance correlation program,
which will scan the relevant kinematic domain to look for chi-
ral symmetry restoration effects in hadronic resonances through
the method described in this Letter. We recognize the inherent
uncertainties associated with the estimates of the formation and
decay of hadrons in a highly relativistic, possibly strongly-coupled,
quark–gluon plasma at high density and temperature, the possi-
bility that resonances can be dissociated in the medium, and the
ﬁnite probability that even at intermediate and high momentum
hadronic rescattering of their decay products might mimic QGP ef-
fects. Nevertheless, this is the most complete study to date whichuses theoretical input to guide the experimental searches for the
chiral transition in QCD in conjunction with the deconﬁnement
phase transition, one of the original drivers of the heavy ion pro-
grams at SPS, RHIC and the LHC. Based on our results, we antic-
ipate that this method can yield a deﬁnitive measurement of the
modiﬁcation (or lack thereof) of the properties of hadronic res-
onances in the QGP. The fact that our proposed technique has
a built-in reference by simply analyzing off-axis low momentum
resonances in the same event makes it even more attractive exper-
imentally.
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